ABSTRACT
INTRODUCTION
Kaposi's sarcoma-associated herpesvirus (KSHV) is a gamma herpesvirus, initially identified in a Kaposi's sarcoma (KS) lesion from an AIDS patient in 1994 (1) . KSHV is also associated with several lymphoproliferative diseases, including primary effusion lymphoma (PEL) and multicentric Castleman's disease (MCD) (2) . KS, which is a malignant vascular tumor characterized by abnormal blood vessel proliferation, includes four clinical subtypes: classic KS, AIDS-related KS (AIDS-KS), Africa endemic KS, and immunosuppressive/transplantation KS (3) . KS lesions primarily consist of proliferative spindle cells expressing markers of vascular endothelial, lymphatic endothelial and precursor cells with vast infiltration of inflammatory cells (4) . Like other herpes viruses, KSHV life cycle consists of latent and lytic replication stages. During the latency, KSHV only expresses a few latent genes, which is essential for maintaining latent infection and escaping immune surveillance. In KS tumors, the majority of the tumor cells are latently infected by KSHV. However, a small number of KSHVinfected cells also undergo lytic replication. Several lytic genes, including Orf-K1, vIRF1 (Orf-K9), vGPCR (Orf74) and vIL-6 (Orf-K2) are known to contribute to KSHVinduced pathogenesis (3, 5) . These genes promote tumor growth by regulating cell cycle and apoptosis, and by inducing pro-inflammatory and pro-angiogenic factors including vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) (3, (6) (7) (8) (9) (10) .
KSHV encoded Orf-K1 is a viral oncogene. The Orf-K1 is composed of 289 amino acids (aa), with a molecular weight of ∼46 kDa (11, 12) . The Orf-K1 protein can transform mouse fibroblasts and primary human umbilical vein endothelial cells (HUVEC), inhibit apoptosis, and promote cell proliferation, tumor angiogenesis and tumor formation (10, (13) (14) (15) . It activates the PI3K/Akt/mTOR, phospholipase PLC-␥ , nuclear factor (NF)-B (NF-B), and AP-1 signaling pathways, leading to the expression of various growth factors and inflammatory cytokines, such as VEGF, bFGF, tumor necrosis factor (TNF)-␣, IL-6, and IL-8 (16) . Further, Orf-K1 induces the expression of matrix metalloproteinase (MMP)-9 in endothelial cells, which promotes tumor cell metastasis (13) . By activating Rac1, VEcadherin, and ␤-catenin, Orf-K1 also increases the vascular permeability of endothelial cells (17) . In addition, Orf-K1 activates the VEGF/VEGFR2 pathway to stimulate endothelial cells through autocrine or paracrine mechanisms (5, 10) . Thus, Orf-K1 is likely play an important role in the pathogenesis of KS.
While KSHV infection is necessary, other co-factors can also promote the development of KS. One such co-factor is HIV-1 coinfection (18) . Although HIV-1 and KSHV do not infect the same cell type (19) , HIV-1 promotes KS formation by expressing a number of secretory proteins (20, 21) . For instance, HIV-1 transactivator of transcription (Tat) and negative factor (Nef) are released into the bloodstream from HIV infected cells, which could regulate the development of AIDS-KS (22) (23) (24) . HIV-1 Tat is a multifunctional protein of 86-101 aa. Tat activates HIV-1 gene expression by binding to the transactivation response element in the long terminal repeat of HIV-1 (25) . Tat is released into the tissues and blood of HIV-infected patients through a unique mechanism, which is independent of the endoplasmic reticulum and Golgi apparatus. Tat acts on the surface receptors of cells, or directly enters the cells and traffic to the cytoplasm and nucleus to regulate cellular genes in an autocrine and paracrine mechanism (9, (26) (27) (28) (29) . Importantly, Tat is readily detected in spindle cells of AIDS-KS lesions and promotes the growth of KS-derived endothelial cells, thus might play a crucial role in the initiation and progression of KS in AIDS patients (30) (31) (32) . Studies from our group and others have suggested that Tat activates KSHV lytic replication through the JAK/STAT pathway (23, 33) , and potentiates effects of KSHV oncogenic proteins, including vG-PCR, Kaposin A and vIL-6, on cell proliferation and tumorigenesis in nude mice (22, 34, 35) . In addition, Tat promotes KSHV-enhanced tumorigenesis by synergistically inducing the secretion of TNF-␣, bFGF and other cytokines, (9, 36) .
It is well known that tumorigenesis and angiogenesis are inseparable in cancer, and KS tumor has a prominent abnormal vascular proliferation. In this study, we investigated the synergistic effect of Tat and K1 on angiogenesis. We found that Tat promoted the K1-induced angiogenesis through activation of the NF-B signaling. This is due to the suppression of IB␣ through synergistic induction of cellular miR-891a-5p by Tat and K1. Our results contribute to the understanding of the molecular mechanisms of AIDS-KS pathogenesis.
MATERIALS AND METHODS

Cells, plasmids, transfection and reagents
HEK293T and EA.hy926 cell lines were purchased from ATCC (Manassas, VA, USA), and cultured in Dulbecco's Modified Eagle's Medium (DMEM) containing 10% inactivated fetal bovine serum (FBS), 2 mmol/l L-glutamine (100 U/ml), penicillin and streptomycin (100 g/ml), in a 5% CO 2 incubator at 37
• C. EA.hy926 is an immortalized cell line obtained from fusion of primary human umbilical vein cells (HUVEC) and the A549 human lung adenocarcinoma cell line, which has the characteristics of vascular endothelial cells (37) . Primary HUVEC were cultured in EBM-2 culture medium (LONZA, Allendale, NJ, USA) (38, 39) , and cells of third to sixth generation were used in this study. IB dominant negative plasmid (IB-DN) with Flag tag was cloned into lentiviral pCDH vectors by PCR. NF-B reporter plasmid containing three repetitive sequence (tandem repeats) binding sites was prepared as described previously (40) . The IB␣ 3 UTR was cloned into the downstream of luciferase reporter gene of pGL-3 Control vector to create wild type pGL-3-IB␣-3 UTR (WT IB␣) plasmid as previously described (41) . Bioinformatics analysis software tools, including PITA, RNAhybrid and RNA22, were used to analyze and predict the binding sites between miR-891a-5p and 3 UTR of IB␣. The construction of the pGL-3-IB␣-3 UTR mutant plasmid (Mut IB␣) with mutated binding sites was made by site-directed mutagenesis. Recombinant HIV-1 Tat protein (soluble Tat) with His tag was purchased from Abcam (Cambridge, MA, USA). NF-B inhibitor Bay11-7082 was purchased from Sigma (St Louis, MO, USA). The membrane matrix (BD Matrigel Basement Membrane Matrix) was obtained from BD Biosciences (Bedford, MA, USA). The transfection reagent for HUVEC was Effectence (Qiagen, Valencia, CA, USA), and other types of transfection were performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). the culture medium was made up to 1 ml, and then cultured in a 5% CO 2 incubator at 37
• C. The culture plate was collected 14 days later, and the cell colony numbers were directly counted after crystal violet staining.
Microtubule formation assay
Microtubule formation assay was performed as previously described (21, 22, 38) . Relative angiogenesis was evaluated according to microtubule formation index calculated as previously described (42) .
Chorioallantoic membrane (CAM) assay
CAM assay was performed as previously described (22) . Briefly, 8-day-old embryos from SPF grade White Leghorn chicken were selected. Cells transduced with K1, Tat, or both were mixed with Matrigel, before being vertically inoculated onto the CAM through the false gas chamber hole. After incubation in 80-90% relative humidity at 37
• C for 4 days, the CAM was harvested and examined under stereomicroscopy.
Matrigel plug assay for angiogenesis in nude mice
Matrigel plug assay was performed as previously described (38) . Briefly, EA.hy926 cells transduced with K1, Tat, or both were mixed with Matrigel at a ratio of 1:2, and inoculated on the back flank of 3-4-week-old male BALB/c nude mice (Shanghai Silaike Experimental Animal Center, Shanghai, China). The animals were sacrificed 10 days later, and the inoculum (Matrigel plug) was peeled off and photographed under stereomicroscopy. Small pieces of tissue were cut out and weighed, which were processed using the Drabkin's reagent kit (Sigma-Aldrich, St Louis, MO, USA) with spectrophotometric analysis at 540 nm, followed by calculation of hemoglobin content based on the standard curve obtained.
Tumorigenicity assay in nude mice
Tumorigenicity assay in nude mice was performed as previously described (21, 35) . Suspensions of EA.hy926 cells expressing target protein at concentration of 1 × 10 7 /100 l (1 × 10 7 cells per animal) were subcutaneously (sc) injected into the left flanks of nude mice. The occurrence and size of the tumor was observed and recorded daily for 7 days. The long diameter and perpendicular short diameter of the tumor were measured by vernier caliper, with the volume calculated according to the formula: volume = long diameter × short diameter × short diameter/2. The animals were sacrificed when the tumor reached a certain volume, with the tumor tissue peeled off immediately, photographed and weighed, which was immediately frozen, fixed in formalin, and embedded in paraffin for immunohistochemical staining, or homogenated with tissue protein extracted for Western blotting detection.
miRNA mimics, inhibitors and sponge
The sequence of commercially available miR-891a-5p mimic was 5 -UGCAACGAACCUGAGCCACUGA-3 ; the sequence of miR-891a-5p mut mimic was 5 -UGGUUC GAACCUGAGCCACUGA3 ; and the negative control sequence was 5 -UUCUCCGAACGUGUCACGUTT-3 . miRNA mimics, mut miRNA mimic and miRNA inhibitors were purchased from Shanghai Zimmer Pharmaceutical Company (Shanghai, China). A miRNA sponge for miR-891a-5p was used to inhibit its function. It contains multiple, tandem complementary binding sites for miR-891a-5p. When transduced into the target cells, the miRNA sponge acts on the target miRNA miR-891a-5p by a base-pairing mechanism and depresses the miRNA. This technology achieves the same results as the miRNA inhibitors (43) . As previously described (38) , miR-891a-5p sponge was annealed and cloned into pCDH-CMV-MCS-EF1-copGFP vector (System Biosciences, Mountain View, CA, USA) through the upstream and downstream primers (upstream sequence: 5 -GAATTCTCAGTGGC TCCCATCGTTGCACGATTCAGTGGCTCCCATC GTTGCAACCGGTTCAGTGGCTCCCATCGTTGC ATCACTCAGTGGCTCCCATCGTTGCATCAGTG GCTCCCATCGTTGCACGATTCAGTGGCTCCCA TCGTTGCAGGATCC-3 , downstream sequence: 5 -GGATCCTGCAACGATGGGAGCCACTGAATCGT GCAACGATGGGAGCCACTGATGCAACGATGGG AGCCACTGAGTGATGCAACGATGGGAGCCACT GAACCGGTTGCAACGATGGGAGCCACTGAATC GTGCAACGATGGGAGCCACTGAGAATTC-3 ). The empty plasmid pCDH-CMV-MCS-EF1-copGFP (pCDH) was used as the control. The lentiviral miR-891a-5p sponge and its control pCDH were packaged as mentioned above. In this study, to evaluate the short-term effect of inhibiting miR-891a-5p, we used miR-891a-5p inhibitor in microtubule formation and CAM assays, but for the long-term effect of inhibiting miR-891a-5p, we used a miR-891a-5p sponge in plate colony formation and Matrigel plug assays. miRNA microarray analysis miRNA microarray analysis was performed as previously described (38, 44) .
Luciferase reporter assay
Luciferase reporter assay was performed as previously described (38, 45) . The miRNA mimics, IB␣ 3 UTR luciferase reporter plasmid and Renilla vector pRL-TK were co-transfected into HEK293T cells, with the luciferase activity determined as described above.
Antibodies, Western blotting and other reagents
Anti-phospho-NF-B p65 (Ser536) rabbit polyclonal antibody (pAb) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-NF-B p65 rabbit pAb was obtained from Abcam (Cambridge, MA, USA). IB␣ monoclonal antibody (mAb), His mAb, and Flag mAb were purchased from Cell Signaling Technology (Danvers, MA, USA). GAPDH mAb, tubulin mAb, VEGF mAb, smooth muscle actin (SMA) pAb, horseradish-peroxidaselabeled goat anti-mouse and goat anti-rabbit IgG were purchased from Santa Cruz Biotechnology (Santa Cruz). Western blotting was carried out as described previously (46, 47) .
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Confocal microscopy
Cells were seeded in glass-bottom Petri dishes, with soluble Tat protein added for 24 h, as previously described (21) . Mouse anti-NF-B p65 mAb (Cell Signaling Technology) and Alexa-Fluro-647-labeled goat anti-mouse secondary antibody (Invitrogen) were added, followed by nuclear staining of the cells by 4 ,6-amidine-2-phenylindole (DAPI). The stained cells were examined and photographed using a Zeiss Axiovert 200M laser scanning confocal microscope (Carl Zeiss, Freistaat Thuringen, Germany).
NF-B/p65 DNA-binding activity assay
Nuclear protein was extracted using the Active Motif nuclear extraction kit (Carlsbad, CA, USA), followed by determination of the NF-B p65 DNA binding activity (TransFactor NF-B p65 ELISA Kit; Clontech Laboratories, Mountain View, CA, USA). In order to ensure specificity, a competitive oligonucleotide was added to the nuclear protein as a positive control. The OD 630 was measured with a microplate reader as previously described (48, 49) .
Hematoxylin and eosin (H&E) and immunohistochemical staining
The CAM and tumor tissues of nude mice were made into frozen paraffin sections immediately after harvest. Then they underwent H&E staining for pathologic observation and immunohistochemical staining for the detection of SMA, VEGF and NF-B p65 expression as previously described (35) .
Real-time quantitative reverse transcription-PCR (RTqPCR)
Total RNA was isolated from cells by Trizol reagent (Invitrogen). RT-qPCR was performed using SYBR Premix Ex Taq TM Kit (TaKaRa Biotechnology Co. Ltd, Dalian, China) according to the manufacturer's instructions. The quantification of miRNAs was performed by stem-loop RT-qPCR as previously described (41, 45) . The Bulge-Loop miR-891a-5p primers were synthesized by Ribo Biotechnology (Guangzhou, China). The sequences of specific primers of RT-qPCR for IB␣ were: upstream sequence, 5 -AATT GCTGAGGCACTTCTGG-3 ; downstream sequence, 5 -TAGCCTTCAGGATGGAGTGG-3 .
Statistical analysis
SPSS version 18.0 was used for the statistical analysis of experimental data, with data presented as mean ± standard error of mean (SEM). Differences with P < 0.05 were considered statistically significant. All the experiments were repeated three times, unless otherwise stated.
RESULTS
HIV-1 Tat protein synergizes with KSHV Orf-K1 to induce cell proliferation and microtubule formation in vitro by activating the NF-B pathway
We conducted cell proliferation, colony formation and microtubule formation assays to determine whether there were synergistic effects between HIV-1 Tat and KSHV Orf-K1. To examine the effect of Orf-K1, we transduced Orf-K1 in either HUVEC or EA.hy926 cells. To examine the effect of Tat, we either directly incubated soluble Tat with HUVEC or transduced Tat in EA.hy926 cells. Ectopic expression of K1 alone increased the proliferation rates of HUVEC and EA.hy926 cells ( Figure 1A ). Tat also increased cell proliferation in HUVEC and EA.hy926 cells. Interestingly, Tat and K1 synergized with each other and further increased the cell proliferation rate ( Figure 1A ). Plate colony formation assay can measure the proliferative activity of single and multiple cells (50) . In this assay, Tat or K1 alone increased colony formation of EA.hy926 cells and synergized with each other to further increase cell proliferation ( Figure 1B To identify the mechanism mediated K1 and Tat promotion of angiogenesis, we examined the expression of key molecules associated with the angiogenic pathways. In HU-VEC and EA.hy926 cells, Tat or K1 alone induced the degradation of intracellular IB␣, and Tat and K1 further manifested synergistic effect to degrade IB␣ ( Figure 2A ). Importantly, the expression level of VEGF was negatively correlated with that of IB␣ ( 
Tat synergistically promotes K1 in inducing angiogenesis in CAM and nude mice models
The above results showed that Tat synergized with K1 to induce microtubule formation in endothelial cells in vitro. We further confirmed these results in an in vivo HUVECinduced CAM angiogenesis model. Tat, K1 or both increased the angiogenesis index by 2.22-, 2.17-and 4.89-fold, respectively ( Figure 3A and B) . Similar results were observed in the CAM model induced by EA.hy926 cells (Figure 3B) .
H&E staining of the tumor tissues showed induction of tumor angiogenesis and red cell infiltration in the K1 or Tat group with the highest aggregation of tumor cells and angiogenesis observed in the K1 plus Tat group (Figure 3C top) . Immunohistochemistry showed the expression of SMA, a marker of the vascular and lymphatic endothelial cells, and VEGF, a pro-angiogenic factor. The levels of both SMA and VEGF were significantly increased in tumors induced by K1, Tat, or both (middle and bottom panels in Figure 3C and D). Consistent with the in vitro results, Tat markedly promoted the degradation of IB␣ in the K1-induced CAM tumor tissues. Accordingly, the VEGF expression was much higher in the presence of both K1 and Tat, which was consistent with that of immunohistochemical staining ( Figure 3E ).
To further confirm these observations, we performed Matrigel plug assay. EA.hy926 cells transduced with K1, Tat or both were mixed with Matrigel and subcutaneously inoculated into the back of the nude mice. In K1 plus Tatinduced tumor tissues, the number of blood vessels and red blood cell infiltration were notably increased ( Figure 3F ). The hemoglobin content of the tumor plug was increased by 1.61-, 1.43-and 3.95-fold in the K1, Tat, and both groups, respectively, compared with that of the Mock group (Figure 3G ). These data suggest that Tat synergized with K1 in inducing angiogenesis in vivo.
NF-B signaling mediates Tat and K1 synergistic induction in angiogenesis and tumor formation
To examine the role of NF-B signaling in mediating the synergistic effect of Tat-and K1-induced angiogenesis, HU-VEC with K1, soluble Tat protein or both were transduced with lentiviral IB-DN and subsequently implanted onto CAMs. IB-DN completely inhibited angiogenesis induced by K1, soluble Tat or both in the HUVEC-induced angiogenesis CAM model ( Figure 4A ). IB-DN also drastically inhibited nuclear p65 binding to the NF-B consensus site induced by K1, soluble Tat or both in cells isolated from the HUVEC-induced angiogenesis CAM model ( Figure 4B ). Bay11-7082 suppresses the NF-B pathway by preventing the degradation of IB through inhibition of its phosphorylation (51) . Thus, we performed the angiogenesis assay with EA.hy926 cells transduced by K1, Tat or both in the presence of Bay11-7082. In the CAM model, the angiogenesis index was significantly decreased in the three groups of cells treated with Bay11-7082 compared with the control group (DMSO) ( Figure 4C ). As expected, treatment with Bay11- Expression and nuclear translocation of p65 observed by confocal microscopy. HUVEC were treated as described in (A) for 24 h. Red represents expression and distribution of p65, and blue nuclear staining by DAPI. (C) NF-B p65-DNA binding activity assay. Nuclear proteins were extracted from cells treated as described in (A), followed by determination of ELISA. Competitive oligonucleotide was used as a positive control and data represent mean ± SEM determined from three independent experiments (n = 3), each experiment containing three technical replicates. Compared with competitive oligonucleotide: *P < 0.05, **P < 0.01, and ***P < 0.001. (D) Detection of NF-B activity by luciferase assay. Data represent mean ± SEM determined from three independent experiments (n = 3), each experiment containing four technical replicates.
7082 down-regulated DNA binding activity of p65 in cells of all groups ( Figure 4D ). In the Matrigel plug test, IB-DN drastically suppressed the number of blood vessels and red blood cell infiltration, and significantly reduced hemoglobin content of tumors induced by Tat, K1 or both ( Figure 4E and F). Furthermore, IB-DN inhibited IB␣ degradation in tumors induced by Tat, K1 or both ( Figure 4G ). To further confirm the specificity of NF-B signaling in mediating the synergistic effect of Tat-and K1-induced angiogenesis, we used IMD 0354, an IKK␤ inhibitor, in the angiogenesis assay. As expected, IMD 0354 not only inhibited the activity of a NF-B reporter, but also reduced hemoglobin content of tumors induced by Tat, K1 or both in EA.hy926 cells (Supplementary Figure S1A and S1B) . Consistently, IMD Data represent mean ± SEM from three independent experiments (n = 3), each experiment containing six technical replicates. (B) NF-B p65-DNA binding activity assay. Nuclear proteins were extracted from CAM tissues treated as described in (A), followed by determination of ELISA. Competitive oligonucleotide was used as a positive control and data represent mean ± SEM determined from three independent experiments (n = 3), each experiment containing three technical replicates. Compared with competitive oligonucleotide: *P < 0.05 and ***P < 0.001. (C) Bay11-7082 inhibited angiogenesis in the CAM model. EA.hy926 cells expressing K1, Tat and both were pretreated with Bay11-7082 or DMSO (control) for 3 h, and mixed with pre-cooled Matrigel and then inoculated into the CAM. The number of blood vessels was normalized to that of Matrigel alone. Data represent mean ± SEM from three independent experiments (n = 3), each experiment containing 6 technical replicates. (D) NF-B p65-DNA binding activity assay. Nuclear proteins were extracted from CAM tissues treated as described in (C), followed by determination of ELISA. Data represent mean ± SEM determined from three independent experiments (n = 3), each experiment containing three technical replicates. Compared with competitive oligonucleotide: * P < 0.05 and **P < 0.01. (E) Transduction of lentiviral IB-DN inhibited angiogenesis in nude mice model. Lentiviral K1-transduced HUVEC were incubated with soluble Tat and subsequently transduced with lentiviral IB-DN and its control vector pCDH. Cells were examined for their proangiogenic effects in Matrigel plug assay in nude mice. Representative photographs of angiogenesis in the nude ice are shown. (F) The hemoglobin level of the Matrigel plugs treated as in (E) was determined with hemoglobin content calculated based on the standard curve. Data represent mean ± SEM determined from three independent experiments (n = 3), each experiment containing six technical replicates. (G) Western blotting analysis of IB␣ in plug tissues from nude mice treated as in (E).
0354 suppressed the IB␣ degradation in tumors induced by Tat, K1 or both (Supplementary Figure S1C) .
It is well known that angiogenesis promotes tumor development. Since Tat and K1 could synergize with each other in inducing angiogenesis (Figure 3) , we investigated whether Tat might affect K1-induced tumor formation. EA.hy926 cells transduced with K1, Tat, or both were s.c. injected into the left flanks of nude mice to induce tumors. We found that K1 and Tat synergized with each other to induce faster tumor progression than the K1 or Tat alone. At day 36 postinoculation, tumors were observed in all the mice inoculated with cells containing both Tat and K1 while only 40% of mice inoculated with cells containing either K1 or Tat alone developed tumors ( Figure 5A ). Tumor volumes in the K1 and Tat group grew significantly faster than those of K1 or Tat alone groups ( Figure 5B ). At day 64 post-inoculation when all the mice were sacrificed, the tumors from the K1 and Tat group were significantly heavier and larger than those of the K1 or Tat alone group ( Figure 5C and D) . H&E staining of tumor tissues showed that there were more and bigger sizes of blood vessels, and more obvious inflammatory infiltration in the K1 and Tat group than the Tat or K1 alone group ( Figure 5E ). Tumors from the K1 and Tat group also had more cells that were positive for SMA and VEGF with stronger staining than those of the K1 or Tat alone group (Figure 5E and F) . These results collectively indicate that Tat promotes K1-induced tumor formation in nude mice.
Western blotting of the tumor tissues from nude mice demonstrated that the K1 and Tat group had IB␣ expression lower than that of K1 or Tat alone group ( Figure 6A ). As expect, Tat or K1 alone increased the level of phosphorylated p65, and Tat and K1 further manifested synergistic effect to increase the level of phosphorylated p65 ( Figure   6A ). Consistently, immunohistochemical staining revealed a higher level of phosphorylated p65 in the K1 and Tat group than that of the K1 or Tat alone group ( Figure 6B and C). To examine the role of the NF-B pathway in the synergistic tumor-inducing effects of Tat and K1, we tested the effect of the NF-B inhibitor Bay11-7082 on tumor growth. Bay11-7082 was administrated intraperitoneally into the nude mice every 2 days for a total of five times when tumors reached similar sizes (80-100 mm 3 ) at day 14 postinoculation for all the groups. Bay11-7082 significantly inhibited the growth of tumors in all groups. There was no statistically significance among the tumor sizes from all the groups treated with the inhibitor at the end of the study ( Figure 6D ). Bay11-7082 also significantly reduced the tumor weight in all groups. The weights of tumors from all groups treated with Bay11-708 were similar ( Figure 6E ).
Together these data suggest that Tat synergizes with K1 to induce angiogenesis and tumorigenesis through activation of the NF-B pathway.
Cellular miR-891a-5p directly targets IB␣
The above results showed that inhibition of IB␣ might contribute to the synergy between Tat and K1 in promoting angiogenesis and tumorigenesis. Since K1 and Tat affected IB␣ protein level, we next asked whether K1 and Tat could inhibit IB␣ protein expression by down-regulating its mRNA transcript. qPCR showed that neither K1 nor Tat suppressed the expression of IB␣ mRNA in EA.hy926 cells (Supplementary Figure S2) . Therefore, we deduced that one or several miRNAs might regulate the IB␣ function. We used miRNA microarray to screen miRNA expression in the Mock cells or cells expressing K1, Tat or both. MiRNAs in the cells expressing K1, Tat, or both with expression level >1.3 folds greater than in the Mock group were further analyzed by bioinformatics approach. Among the upregulated miRNAs in cell expressing both K1 and Tat, we predicted eight miRNAs that might have putative targeting sites in the 3 UTR of IB␣ ( Figure 7A ). Indeed, IB␣ 3 UTR luciferase reporter assay showed that miR323a-3p, miR-421, miR-550b-3p, miR-891a-5p, miR-1284 and miR-2113 significantly inhibited the activity of IB␣ 3 UTR reporter ( Figure 7B) . To verify the effect of these six miRNAs on the expression of the IB␣ protein, miRNA mimics were transfected into HUVEC. Western blotting showed that transfection of miR-891a-5p drastically inhibited endogenous IB␣ expression in HUVEC ( Figure 7C) . Expression of miR-891a-5p inhibited the activity of IB␣ Figure 7 . miR-891a-5p regulates NF-B pathway by targeting IB␣ 3 UTR. (A) Thermal analysis of eight miRNAs with differential expression levels in EA.hy926 cells transduced with K1, Tat or both, which were predicted to target IB␣ 3 UTR through bioinformatics approach. The color scale from green to red represents low to high expression intensity of miRNAs. (B) Inhibition of IB␣ 3 UTR reporter activity by miRNAs. HEK293T cells were co-transfected with miRNA mimics (10 nM) predicted in (A) or miRNA negative control (Neg. Ctrl.) together with pGL3-IB␣ 3 UTR luciferase reporter and assayed for luciferase activity. The data represent the mean ± SEM from three independent experiments (n = 3), each experiment containing four technical replicates. *P < 0.05 and **P < 0.01; n.s. not significant. (C) The influence of miRNAs on expression of endogenous IB␣. HUVEC transfected with miRNA mimics (20 nM) and negative control were subject to western blotting at 48 h post-transfection. (D) miR-891a-5p inhibited the reporter activity of the pGL-3-IB␣ 3 UTR but not the control reporter pGL3. miR-891a-5p mimics (50 nM) or negative control with pGL3-Control or pGL-3-IB␣ 3 UTR reporter plasmid were co-transfected into HEK293T cells for 48 h. **P < 0.01 by Student's t test versus the Neg. Ctrl. group. n.s., not significant. (E) RT-qPCR detection of miR-891a-5p expression in K1-transduced HUVEC at 72 h after adding soluble Tat (left); in EA.hy926 cells with ectopic expression of Tat (middle); and in HUVEC infected by KSHV (BAC16) (right). (F) miR-891a-5p mimics (10, 20 and 50 nM) or a negative control were co-transfected into HEK293T cells along with pGL-3-IB␣ 3 UTR reporter plasmid. Luciferase assay was performed 48 h later. Results were verified in three independently repeated experiments (n = 3) with four technical replicates, presented as mean ± SEM. *P < 0.05 and **P < 0.01 by Student's t test versus the Neg. Ctrl. group. (G) miR-891a-5p inhibited expression of endogenous IB␣ in a dose-dependent manner. miR-891a-5p mimics (10 and 50 nM) were transfected into HUVEC and Western blotting was performed with anti-IB␣ antibody at 48 h post-transfection. (H) Inhibition of miR-891a-5p promoted expression of endogenous IB␣. miR-891a-5p inhibitor (10 and 50 nM) were transfected into HUVEC and western blotting was performed with anti-IB␣ antibody at 48 h post-transfection. (I) Schematic diagram of predicted seed sequence of miR-891a-5p which binds with IB␣ 3 UTR, and mutation of the binding site of miR-891a-5p or IB␣ 3 UTR. (J) miR-891a-5p mutant without the sequence binding to IB␣ 3 UTR lost its inhibitory effect on IB␣ expression. miR-891a-5p mimics (20 nM), miR-891a-5p mutant and a negative control were transfected into HUVEC and Western blotting was performed with anti-IB␣ antibody at 48 h post-transfection. (K). Effect of seed mutagenesis or mutation of the binding site on the IB␣ 3 UTR reporter. IB␣ 3 UTR wild type (WT IB␣) was co-transfected with a negative control (Neg. Ctrl.), natural (miR-891a-5p) or mutant miR-891a-5p (mut miR-891a-5p) into HEK293T cells, while mutant IB␣ 3 UTR construct (mut IB␣) was also co-transfected with a negative control (Neg. Ctrl.), natural (miR-891a-5p) or mutant miR-891a-5p (mut miR-891a-5p). After co-transfection for 48 h, HEK293T cells were assayed for luciferase activity. The data represent the mean ± SEM from three independent experiments (n = 3), each experiment containing four technical replicates. *P < 0.05 and **P < 0.01 by Student's t-test.
3 UTR reporter but not that of the control reporter (Figure 7D) . RT-qPCR confirmed that Tat, K1 or both indeed increased the expression of miR-891a-5p in both HUVEC and EA.hy926 cells with Tat and K1 manifested synergistic effect. KSHV (BAC16) infection of HUVEC also increased the level of miR-891a-5p ( Figure 7E ). miR-891a-5p inhibited the activity of the IB␣ 3 UTR reporter and the endogenous IB␣ expression in HUVEC in a dosedependent manner ( Figure 7F and G) . As a result, miR891a-5p induced the translocation of p65 (Supplementary Figure S3A) , and enhanced the activity of a NF-B reporter in a dose-dependent fashion (Supplementary Figure S3B) . On the contrary, a miR-891a-5p inhibitor up-regulated the endogenous IB␣ expression level and inhibited the activity of a NF-B reporter in HUVEC in a dose-dependent manner ( Figure 7H and Supplementary Figure S3C) . Bioinformatics analysis identified one putative miR-891a-5p binding site in the IB␣ 3 UTR ( Figure 7I ). Mutation of this site abolished the miR-891a-5p inhibitory effect on endogenous IB␣ expression ( Figure 7J ) and IB␣ 3 UTR reporter activity ( Figure 7K ) in HUVEC cells. These data suggest that miR-891a-5p directly targets IB␣.
miR-891a-5p mediates K1-and Tat-induced angiogenesis by targeting IB␣ to activate the NF-B pathway
To evaluate the effect of inhibiting miR-891a-5p on K1-and Tat-induced angiogenesis, we constructed a lentivirus expressing a miR-891a-5p sponge. The miR-891a-5p sponge inhibited single cell colony formation induced by K1, Tat or both ( Figure 8A and B). Tubule formation assay was performed with HUVEC transduced with K1, incubated with soluble Tat protein or subjected to both treatments, and co-transfected with an inhibitor of miR-891a-5p or a scrambled control. The miRNA suppressor of miR-891a-5p blocked tubule formation of HUVEC induced by K1, Tat or both ( Figure 8C and D) . Western blotting showed that the miR-891a-5p inhibitor indeed relieved the degradation of IB␣ exerted by miR-891a-5p (elevated expression in lanes 2, 4 and 6 in Figure 8E ).
Finally, we examined the effect of miR-891a-5p on K1-and Tat-induced angiogenesis in vivo. HUVEC transduced with K1, incubated with soluble Tat alone or both were transfected with the miR-891a-5p inhibitor and subsequently implanted onto CAMs. Consistent with the in vitro results, inhibition of the function of miR-891a-5p suppressed angiogenic effect induced by K1, Tat or both (Figure 9A and B) . Similar results were also observed in the Matrigel plug assay (Figure 9C and D) . ELISA results showed that the miR-891a-5p sponge decreased the activity of p65 binding to the NF-B consensus site in the tumor tissues isolated from Matrigel plug assay ( Figure 9E ). Consistent with these observations, Western blotting showed that the miR-891a-5p sponge inhibited IB␣ degradation in the plug tumor tissues induced by K1, Tat or both in EA.hy926 cells (lanes 2, 4, 6 showed elevated expression of IB␣ protein in Figure 9F ). Together these data suggest that miR891a-5p mediates K1-and Tat-induced angiogenesis by targeting IB␣ to activate the NF-B pathway.
DISCUSSION
KS is a malignant tumor characterized by abnormal growth of blood vessels. AIDS-KS, in particular, is aggressive and difficult to treat (3, 36, 52) . By encoding viral oncogenes, KSHV induces the development of KS through a complex tumorigenic mechanism. The current study focused on Orf-K1, which has been detected in the tissues of KS, PEL and MCD (10, 12, 53) . As a multifunctional tumorigenic protein expressed at the early lytic stage of KSHV infection, K1 exerts its function in the pathogenesis of KS by regulating cellular signaling and inducing growth and angiogenic factors, and inflammatory cytokines. On the other hand, in AIDS-KS, HIV-1 can also promote the oncogenic process of KSHV through auxiliary proteins, such as Tat and Nef. For instance, HIV-1 Tat sensitizes the JAK/STAT pathway and activates the PI3K/Akt and NF-B pathways to regulate KSHV replication and accelerate KSHV tumorigenesis (22, 33, 35, 40) . Tat also induces the secretion of cytokines such as VEGF and b-FGF, and activates VEGFR2 (22, 23, (33) (34) (35) 48, (54) (55) (56) (57) (58) . Therefore, Tat is a promoting factor of AIDS-KS albeit itself is not sufficient to cause KS (9) .
In this study, we found that, as an independent factor, Tat or K1 not only promoted cell proliferation, plate colony formation and endothelial cell microtubule formation, but also enhanced angiogenesis in CAM and nude mice models, which was consistent with results of previous studies (10, (13) (14) (15) 22, 38) . Further, Tat synergized with K1 to promote the angiogenesis in endothelial cells. Both VEGF and b-FGF promote angiogenesis in AIDS-KS patients (9, 17) . Since NF-B and PI3K/AKT pathways are the two key pathways that regulate the secretions of VEGF and b-FGF (6, 59) , in this study, we investigated the signaling molecules of these pathways. We showed that Tat drastically reduced the IB␣ level in K1-transduced cells, and activated the NF-B signaling. Immunohistochemistry confirmed the nuclear translocation of cytosolic p65, which promoted the transcription and expression of angiogenesis-related genes, such as VEGF. As uptake of Tat by cells is very efficient (60, 61) , Tat is detected in spindle cells of AIDS-KS lesions (32) , and HIV-1-infected patients often have a high level of circulating Tat (26), we believe that our observations are highly relevant to the clinical setting.
A few of the KSHV oncogenes can activate the NF-B pathway, including vFLIP (Orf-K13), Orf-K15 and vGPCR (Orf74) (62) (63) (64) (65) (66) . Induction of tumor formation by vFLIP and vGPCR depends on the activation of NF-B pathway. On the other hand, the vIRF-3 (Orf-K10.5) inhibits IKK␤ activation, resulting in the inhibition of the immunoregulatory function of the NF-B pathway (67) . Here, we showed that Orf-K1 suppressed IB␣ expression and activated the NF-B pathway to induce angiogenesis, which was synergistically enhanced by Tat. However, Konrad and colleagues used reverse-transfected cell microarrays to observe the interaction between different oncogenic proteins, and found that K1 inhibited vFLIP and ORF75-activated NF-B pathway (68) . Orf-K1 also inhibited TPA-activated NF-B signaling in PEL cell line, leading to the suppression of viral replication (69) . It is worth mentioning that different cell lines were used in these studies. Thus, Orf-K1 might regulate NF-B signaling to mediate host cell proliferation and tumorigenesis through distinct mechanisms depending on cell context (69) . Our results and those of other studies have demonstrated that K1 mediates KS development through the activation of NF-B signaling (4, 53, 59) . During KSHV latency, the NF-B pathway in KS and PEL is constitutively activated, which inhibits viral replication to promote latent infection (70) (71) (72) (73) . This strategy effectively protects the infected cells from apoptosis, evades host immune clearance, and provides an appropriate microenvironment for KS tumor growth through the expression of inflammation-related angiogenic factors such as VEGF, IL-6 and TNF-␣ (6, 71, 74) . More importantly, in KS tumors, a small number of tumors express KSHV lytic genes, such as K1, K15 and vGPCR to activate the NF-B pathway, and promote KS development (4, 5, 13, 17, 66, 75) . Therefore, the NF-B pathway might be a converging pathway of both latent infection and lytic replication that is essential for the development of KS.
miRNAs are small RNAs with a length of 21-23 nucleotides, which post-transcriptionally regulate the expression of genes by targeting their 3 UTRs. Thus, it has become a molecular target in tumor diagnosis and treatment (76, 77) . With respect to miRNAs and IB␣, to date, three cellular miRNAs including miR-126, miR-30e* and miR196a, and KSHV miR-K1 have been identified to directly target IB␣ 3 UTR. The cellular miRNAs increase the occurrence of ulcer disease, glioma, and pancreatic cancer, respectively, while miR-K1 promotes KSHV latency and enhances cell growth and survival (41, (78) (79) (80) (81) . In this study, Figure 9 . Inhibition of miR-891a-5p suppresses the synergistic promotion of Tat-and K1-induced angiogenesis in animal models by inhibiting NF-B pathway. (A) Inhibitory effect of miR-891a-5p inhibitor on synergistic promotion of Tat-and K1-induced angiogenesis in CAM model. HUVEC transduced with K1 or incubated with Tat were transfected with miR-891a-5p inhibitor or a negative control and further implanted into CAM model. CAMs were harvested 4 days later; vessels were observed by stereomicroscopy; and representative photographs were taken. (B) Quantification of the results in (A). The number of blood vessels was normalized to that of Matrigel alone. Data represent mean ± SEM from three independent experiments (n = 3), each experiment containing six technical replicates. (C) Inhibitory effect of miR-891a-5p sponge on synergistic promotion of Tat-and K1-induced angiogenesis in nude mice. EA.hy926 cells transduced by K1, Tat or both were transduced with lentiviral miR-891a-5p sponge or its control pCDH, and further examined for their proangiogenic effects in Matrigel plug assay in nude mice. Representative photographs of angiogenesis in the nude mice are shown. (D) The hemoglobin level of the Matrigel plug treated as in (C) was determined with hemoglobin content calculated based on the standard curve. Data represent mean ± SEM determined from three independent experiments (n = 3), each experiment containing six technical replicates. (E) NF-B p65-DNA binding activity assay. Nuclear proteins were extracted from plug tissues of nude mice treated as described in (C), followed by determination of ELISA. Data represent mean ± SEM determined from three independent experiments (n = 3), each experiment containing three technical replicates. Compared with competitive oligonucleotide: *P < 0.05, **P < 0.01 and ***P < 0.001. (F) Western blotting analysis of IB␣ in plug tissues from nude mice treated as in (C).
high expression of miR-891a-5p was observed in Orf-K1 and Tat-transduced cells. We have shown that miR-891a-5p also directly targets IB␣ 3 UTR. The synergistic promotion of endothelial cell proliferation and angiogenesis by Tat and K1 was markedly inhibited by miR-891a-5p inhibitor or its sponge in vitro and in vivo, which were consistent with the inhibition of IB␣ expression. These results revealed that Tat synergized with Orf-K1 to down-regulate IB␣ expression, resulting in increased nuclear translocation of p65, activation of the NF-B pathway and enhanced angiogenesis through up-regulating miR-891a-5p. Importantly, high miR-891a-5p expression was also detected in KSHVinfected HUVEC. Recent studies have shown that sera from EBV-related nasopharyngeal carcinoma (NPC) patients have high levels of miR-891a-5p in the exosomes (82) . Interestingly, miR-891a-5p can also increase the migration of SK-HEP-1 hepatocellular carcinoma cells (83) . Taken together, miR-891a-5p appears to be a pro-angiogenic and pro-tumorigenic miRNA.
In summary, our results reveal that miR-891a-5p mediates the synergy between Tat and Orf-K1 in the induction of angiogenesis by targeting IB␣ and activating the NF-B pathway. Our study illustrated a mechanism by which a HIV-1 secreted protein synergistically facilitates KSHV oncogenic protein-induced angiogenesis in AIDS-KS patients through the miR-891a-5p/NF-B/VEGF pathway. It would be worthwhile to examine the therapeutic effect of targeting this pathway in AIDS-KS. Further investigations are needed to explore the mechanism by which Tat and K1 regulate the expression of miR-891a-5p, and whether other cellular miRNAs might also regulate Tat-and K1-induced angiogenesis.
